Optical binding presents an original method for self-arrangement of solid microparticles in liquid or air. The resulting equilibrium positions of the particles in an optically bound structure (OBS) are not only influenced by the spatial intensity profiles of the incident laser beams but also by the light scattered from all the bound particles. The inter-particle distances in OBSs can be externally modified by changing the refractive index of the medium or the spatial intensity distribution of the beams. Especially the last option is now well developed due to the technology of spatial light modulators (SLM). We utilized this tool to generate OBSs in counterpropagating laser beams having various spatial intensity profiles. In contrast to the previous methods, where OBSs were kept stationary without dynamic control, we modified dynamically the optical cage for self-arranged particles which led to enlargement or shrinking of the OBS. Using elaborate optical fields suitable for particular cases we demonstrated the size tunability of OBSs that were self-arranged along one, two or three dimensions. Compressing of the optical cage below a certain limit led to a collapse of the self-arranged micro-structures, thus indicating a phase transitions in such colloidal structures. Within a system of counter-propagating optical vortices we observed transfer of angular momentum of light to two-dimensional OBSs, revolving around the intrinsic on-axis phase singularity of the trapping beams.
INTRODUCTION
Optical binding represents an interesting and novel way of self-arrangement of solid microparticles in liquid or air. [1] [2] [3] [4] The resulting equilibrium positions of the particles in an optically bound structure are not only influenced by the spatial intensity profile of the incident laser beams but also by the light scattered between all particles. 5 From the practical point of view the optically bound structures can be generated by simple experimental configurations that are mainly objective or lens free and ready for integration with microfluidic systems. 3, [6] [7] [8] [9] However, such configurations do not allow individual positioning of each particle in a structure comparing to widely spread multiple optical trapping based on computer generated holograms [10] [11] [12] [13] [14] [15] [16] [17] or deflections of a trapping laser beam. [18] [19] [20] The inter-particle distances in optically bound structures can be influenced by the refractive index of the medium 21 or by the spatial distribution of the counter-propagating beams, [22] [23] [24] [25] [26] considering only the parameters manageable externally.
In this paper we present a method for dynamic size tuning of multi-dimensional OBSs via control of the spatial intensity profiles of the trapping beams. We dynamically modified the lateral intensity profiles of the incoherent CP beams using a flexible dual-beam setup based on a spatial light modulator (SLM). 27 We show that an OBS can be stretched or squeezed along the direction of the optical axis within a wide range of the inter-particle distances, undergoing phase transitions if squeezed beyond a certain limit. We also show that a two-dimensional (2D) or three-dimensional (3D) OBS can be assembled and optically manipulated with a system of two CP Laguerre-Gaussian beams or several pairs of CP Gaussian beams, respectively. In both cases the spatial arrangement of the OBS is conserved.
THE EXPERIMENTAL SYSTEM
We modified the extended dual-beam set-up that uses SLM to modify the beam properties in real time.
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The setup is shown in Fig. 1 . Collimated Gaussian beam (IPG ILM-10-1070-LP, wavelength 1064 nm) is expanded on the telescope made of lenses L1 (f 1 = 150 mm) and L2 (f 2 = 300 mm) and projected on the SLM (Hamamatsu LCOS X10468-07). Encoded phase at the SLM produces two light beams in the focal plane of lens L3 (f 3 = 400 mm) above the undiffracted zero-order light. Unwanted higher diffraction orders and the zero-order are blocked on a dual aperture spatial filter placed into a focal plane of L3. The passed beams are separated on prisms P1 and P2, sent in opposite directions and collimated by lenses L4 and L7 (both with f 4 = 200 mm), respectively. Each of the lenses L4 and L7 forms a telescope with L3 projecting the SLM plane on mirrors M2 and M4, respectively. The SLM plane is imaged onto the back focal plane of aspherical lenses AS1 (AS2) (both f = 8 mm) by a telescope consisting of lenses L5 (L8) (f 5 = 100 mm) and L6 (L9) (f 6 = 150 mm). AS1 and AS2 focuse both beams into a capillary (Vitrocells 8510) containing the sample (SC). The sample placed in SC is observed by a CCD camera looking perpendicularly to the propagation of the trapping beams. A half-wave plate is inserted into one of the arms to control the polarization of the beam and thereby switches between the cases of interfering or non-interfering counter-propagating beams. To reach sub-micron alignment precision and stability of the system we got rid of translational stages and properly placed the mirrors M2 and M4 to ensure lateral positioning of the focal points along the sample plane and the mirrors M3 and M5 to centre the beams at the back aperture of the aspherical lenses. Once the system is mechanically aligned, a computer interface is used to control all beam parameters. 
PHASE MASKS GENERATION
Following 29 we first implemented the aberration elimination procedure for both beams. This method is based on a mode decomposition of the initial beam and optimizing mutual phase differences between individual modes to get the highest intensity signal on an intensity probe. Using a fixed fluorescent particle or strongly scattering metallic particle one can achieve this optimization directly within a sample chamber, but this was hardly applicable to our case. We assumed the capillary is symmetric and passing through both sides introduces identical aberrations to the propagating beam. Therefore, we optimized the beam with and without the presence of the sample and imaged the focal spot on a CCD camera. The averaged correction would eliminate all aberrations introduced to the beam prior entering the sample and one half of aberrations introduced to the beam passing both its walls leading to optimal beam focusing inside the sample. We used the retrieved phase corrections obtained by this approach for both arms in all the subsequent experiments. The phase masks for individual beams were evaluated independently by adding phase corrections made of linear and quadratic phase modulations (tilts and defocus)
.}s} v.;,;.,ti:{.. Figure 2 . Demonstration of the interface possibilities. The left part shows the phase masks and the right part visualizes the final intensity profiles of the beams. These images were taken by a CCD camera placed at the plane of the spatial filter. f0: original distribution of light using a simple phase grating without any correction as shown in Fig. 1 . We indicate the positions of both desirable beams as well as the zero-order beam. Higher unwanted diffraction orders are clearly seen. h1 shows central part of the used holographic element (1/9 of the whole area) and f1 shows the corresponding intensity distribution after the wavefront correction. In the parts h2 and f2 an appropriate helical function has been added to the phase mask so that the right beam was converted to Laguerre-Gaussian mode of topology charge l = 5. Following parts h3 and f3 illustrate the same case using narrower phase mask producing wider beams. An annular aperture filtering of the spatial spectrum by the phase mask results in the generation of Bessel beams shown in h4 and f4.
determining the lateral and axial placement of the resulting focal spots in the sample, respectively. Adding a constant phase (piston) to the mask shifts the diffracted wave phase and consequently controls the position of the nodes or antinodes of the standing wave. Additional helical mask enables switching between Gaussian and various orders of Laguerre-Gaussian beams as well as Bessel beams discussed later (see Fig. 2 ). As all these modulations are pure phase functions, they can be simply added together. The resulting phase p for modulating both beams is consequently obtained from the individual modulations of each beam p 1 and p 2 as:
Filtering of the spatial spectrum by a circular aperture results in the control of the widths of the Gaussian or Laguerre-Gaussian beams. Similarly the annular aperture filtering enables conversion to Bessel beams. Here the annulus radius determines the propagation constant of the beams and the annulus thickness controls the axial range of the beam existence. Unfortunately, both these cases might result in significant power losses.
EXPERIMENTAL RESULTS
We applied the experimental system described above in the following examples of the multidimensional optically bound structures and their dynamic size tuning.
One-dimensional optically bound structures in counter-propagating Bessel beams
The following examples reveal that the size of the laser beams has a conclusive influence on inter-particle distances within optically bound structure. Figure 3 presents the first systematic theoretical and experimental comparison of the inter-particle distance as the function of the radius ρ 0 of the Bessel beam with suppressed longitudinal intensity variations. 30, 31 Therefore, the axial position of the optically bound structure in such Bessel beam does not affect significantly the final optically bound structure shape. Following the theoretical predictions based on coupled-dipole method 24 we changed ρ 0 and analyzed the inter-particle distance of two and three self-arranged particles. The coincidence between the experimentally observed inter-particle distance and theory is reasonably good for smaller inter-particle distances, the deviations for larger inter-particle distances can be caused by imperfection in the axial Bessel beam intensity profile. 
One-dimensional optically bound structures in counter-propagating Gaussian beams
Bessel beams represent an advantageous choice if one needs particles self-arrangement over long distances, however, clustering of optically bound particles can occur here. 23 In contrast, wide counter-propagating Gaussian beams are easier to generate and can also provide non-clustered self-arranged chain of many particles. Figure  4 illustrates that the modification of the beams widths also leads to squeezing or elongation of the optically bound structure made of many particles. Squeezing of optically bound structures occurs in narrower beams that push particles closer to each other till the optically bound structure becomes unstable, collapses, and its phase transition occurs. The inter-particle distance depends not only a ratio between beam and particle radius but also on number of particles in the optically bound structure.
Two-dimensional optically bound structures in elliptical counter-propagating Gaussian beams
Figures 3 and 4 use radially symmetric laser beams that provided only one-dimensional optically bound structure. However, we obtained 2D optically bound structures in liquid, placed far from the surface, if we used elliptical counter-propagating incoherent Gaussian beams (see Fig. 5 ). We kept constant ratio of their beams waists w x /w y = 5 and, consequently, the on-axial optical trap stiffness κ x was 25× weaker than κ y . This allows larger displacement of particles along x axis and leads to particles off-axis localization due to the optical binding. Up to now optically bound structures in 2D were observed only near the surface using counter-propagating evanescent waves, [32] [33] [34] wide Gaussian beams, 35, 36 or near the optical fiber tips. 6, 9 Figure 6 presents the first 2D self-arrangement of several particles far from the surfaces and illustrates direct proportionality between the beam waist and inter-particle distance increase (1.8 × in this case). In the case of optically bound structure shrinkage this procedure enables further studies of phase transitions in colloidal structures. w = 7.9 μm x w = 1.5 μm y Figure 5 . Spatial profile of the optical intensity of an elliptical Gaussian beam measured in air and transformed to its propagation in water. 37 The ratio of the Gaussian beam waists is wx/wy = (7.90 ± 0.05) μm/(1.50 ± 0.05) μm ≈ 5. The lateral beam profile was measured at different z positions by CCD camera placed in the air, fitted by Gaussian beam profile 38 and the axial beam extend was transformed into the Gaussian beam propagating in water. 
Three-dimensional optically bound structures in three-pairs of counter-propagating Gaussian beams
Modification of the diffraction structure at the SLM enables generation of several pairs of counter-propagating incoherent Gaussian beams with variable beam waists. Figure 7 presents particles self-organization in three pairs of counter-propagating Gaussian beams that were arranged laterally in the vertexes of equilateral triangle. Each image corresponds to different beam waists but the distances between the axes of beam pairs are kept constant. Similarly as in Fig. 4 the inter-particle distances in the optically bound structures depend on the sizes of the beam waists and also on the number of particles arranged in each beam pair. Aside from the longitudinal binding, there existed an optical interaction between particles confined in different pairs of counter-propagating Gaussian beams that lead to correlated behavior of particles across beam pairs. Therefore, several pairs of counter-propagating Gaussian beams indeed enable formation of tunable optically bound three-dimensional structures. 
Three-dimensional optically bound structures revolving in counter-propagating Laguerre-Gaussian beams
The presented concept of the optically bound structure size tuning is applicable also on optical vortices and particles in motion. Figure 8 introduces the first example of a 2D optically bound structure composed of three self-arranged particles, revolving around the optical axis of counter-propagating incoherent Laguerre-Gaussian beams of opposite topological charges ±1. 39 The angular momentum coming from one photon from each beam is equal to 2h and keeps the particles orbiting around the optical axis. 40 Comparison of particles motion in both beam sizes reveals that the size of the optically bound structure is proportional to the beam waists and the optically bound structure conserves its shape. However, we observed remarkably different behavior of single particle, showing no orbiting, comparing to optically bound structure, that revolved faster if more particles were confined in the structure. Obviously more effort must spent to fully understand this complex geometry. 
CONCLUSIONS
We have utilized flexible dual-beam geometry of optical trapping to self-organize particles in counter-progagating beams of tunable spatial intensity distribution. The system is based on a single spatial light modulator controlled by the LabView interface with a software that enables online calculations of phase masks. These phase masks determine the parameters of each of counter-propagating beams such as beams widths, intensity, spatial profile and vorticity. Utilization of the system on optical trapping of more particles has led to novel observations of 1D, 2D, or 3D optically bound structures size of them were changed according to the the beams widths and spatial profiles. To days only optically bound structures of static shape have been investigated. Here we present a way how to change dimensions of an optically bound structure by varying the lateral profile of illuminating laser beams and induce phase transitions in optically bound structure. Such tool paves the way for series of new studies where the sizes of optically bound structure can be tuned to create self-arranged structure of proper size or to induce collapse (phase transition) of the optically bound structure into closely-packed colloidal crystal or photonic band-gap structure even in 3D. 
